A total of 358 Shigella dysenteriae strains isolated from patients attending the Dhaka treatment center of the International Centre for Diarrheal Disease Research, Bangladesh, between the years 1999 and 2002 were included in this study. S. dysenteriae type 1, the dominant serotype in 1999 (76.4%), declined to 6.5% in 2002. On the other hand, S. dysenteriae types 2 to 12 were isolated with increasing frequencies of 19, 67, 73.5, and 87% in 1999, 2000, 2001, and 2002, respectively. Of these, types 2 and 4 were the most dominant serotypes, accounting for more than 18.7 and 28.5% of the total isolates, respectively. There was no isolation of serotypes 5, 7, 8, and 13 during this period. Twenty-eight (7.8%) of the isolates were atypical and agglutinated only with the polyvalent antiserum of S. dysenteriae. More than 98% of type 1 strains isolated between 1999 and 2001 were resistant to ampicillin, sulfamethoxazole-trimethoprim, and nalidixic acid. Among other serotypes of S. dysenteriae, Nal r type 2 strains were isolated in 2001 and 2002. Although heterogeneous plasmid profiles were obtained depending on the presence or absence of a single plasmid, core plasmids were defined for particular serotypes. On the other hand, the same plasmid profile was found to be shared by different serotypes. Interestingly, plasmid patterns of types 2 and 4 were almost identical except that a middle-range plasmid of 70 to 60 MDa was present in type 4 in addition to the core plasmids. All the strains harboring the 140-MDa plasmid were positive for the ipaH gene, had Congo red binding abilities, and were positive by the Sereny test, demonstrating their invasive properties.
Shigellosis is one of the major diarrheal diseases afflicting humans in the developing and underdeveloped parts of the world, especially Bangladesh. Shigellosis produces inflammatory reactions and ulceration on the intestinal epithelium followed by bloody diarrhea and mucus in the stool. Shigellosis is endemic in Bangladesh, and it is estimated that dysentery accounts for 20% of deaths related to diarrhea among children (32) . The genus Shigella, the causative agent of shigellosis, is comprised of four species, namely, S. flexneri, S. dysenteriae, S. boydii, and S. sonnei, and each of these species is further classified into 15 (including subtypes), 13, 18 , and 1 serotypes, respectively, based on the O antigen component of lipopolysaccharide present on the outer membrane of the cell wall. S. flexneri and S. dysenteriae are the major concerns for developing countries. The manifestation of S. dysenteriae type 1 infection is more severe because of its capacity to produce Shiga toxin, which is exclusively produced by this type. Clinical infection can be transmitted by as few as 10 Shigella organisms (3), even without neutralization of gastric acid.
At least three periods of epidemic outbreaks of dysentery due to S. dysenteriae 1 have been recorded previously in the Indian subcontinent, in 1972-1973, 1983-1984, and 1993-1994 (1, 9, 18, 24) . Despite improvement of municipal water supplies and sanitation, shigellosis still occurs frequently. This raises important questions about the causes of shigellosis, its transmission, epidemiology, and the effectiveness of public health measures in overcoming this illness. Indiscriminate use of antibiotics in this region has resulted in the Shigella strains becoming resistant to multiple antibiotics. At present, most of the Shigella strains isolated from patients are resistant to ampicillin (AMP), sulfamethoxazole-trimethoprim (SXT), and nalidixic acid (2, 9, 15) .
The prevalence of the serotypes of S. flexneri in Bangladesh was described in a previous report (27) , which showed that there was a temporal variation in the dominance of different subserotypes. The emergence of some atypical serotypes of S. flexneri has also been reported (27) . There are no reports of outbreaks caused by the serotypes of S. dysenteriae other than serotype 1 in Bangladesh or any other part of the world. In the present study, a detailed epidemiological study of the prevalence of different S. dysenteriae serotypes and their susceptibility to commonly used antibiotics among hospital patients was conducted over the last 4 years to evaluate the present status of shigellosis caused by S. dysenteriae serotypes in Bangladesh.
MATERIALS AND METHODS
Bacterial strains. From 1 January 1999 to 31 December 2002, 5,112 Shigella strains were isolated from patients attending the Dhaka treatment center operated by the International Centre for Diarrheal Disease Research, Bangladesh (ICDDR, B), in Dhaka, Bangladesh. These strains were isolated and identified in the clinical microbiology laboratory by standard microbiological and biochemical methods (34) . Among these, 358 isolates were collected and confirmed as S. dysenteriae by using polyvalent commercial antisera (Denka Seiken, Tokyo, Japan). The strains were grown in Trypticase soy broth (Difco Becton Dickinson and Company, Sparks, Md.) containing 0.3% yeast extract (TSBY) and stored at Ϫ70°C after addition of 15% glycerol and were used for further studies. S. flexneri 2a strain YSH6000 (22) and an Escherichia coli strain (ATCC 25922) that lacked the 140-MDa invasive plasmid and was sensitive to all antibiotics were used as positive and negative controls, respectively, in the Sereny test, the test for Congo red binding ability, and the PCR assay.
Serotyping. Serotyping of the 358 S. dysenteriae strains was confirmed by using the commercially available antiserum kit (Denka Seiken) specific for all typefactor antigens. The strains were subcultured on MacConkey agar (Difco Becton Dickinson and Company) plates, and after about 18 h of incubation, serological reactions were performed by the slide agglutination test as described previously (27) . Strains which showed conflicting agglutination were suspended in normal saline, boiled for 2 h, and centrifuged at 1,200 ϫ g for 10 min to allow the pellet to settle, after which serotyping was done according to previously described procedures (27) .
Antimicrobial susceptibility. The susceptibilities of the strains to the antimicrobial agents tested were determined by the disk diffusion method, as recommended by the National Committee for Clinical Laboratory Standards (17) , with commercial antimicrobial disks (Oxoid, Basingstoke, United Kingdom). The antibiotic disks used in this study were AMP (10 g), mecillinam (25 g), nalidixic acid (30 g), SXT (25 g), and ciprofloxacin (5 g). E. coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were used as control strains for susceptibility studies.
Detection of ipaH by PCR. Detection of the ipaH gene was performed by amplification by PCR with primers according to previously described procedures (30) . Primers (forward, 5Ј-TGGAAAAACTCAGTGCCTCT-3Ј; reverse, 5Ј-CC AGTCCGTAAATTCATTCT-3Ј) were synthesized using an Oligo 1000 DNA synthesizer (Beckman), available in our laboratory at ICDDR, B.
Keratoconjunctivitis assay (Sereny test). The Sereny test was performed by a procedure described elsewhere (14, 23) . Briefly, an overnight culture of bacteria, suspended to a density of approximately 10 10 viable cells in 20 l of phosphatebuffered saline, was dropped into the conjunctival sacs of guinea pigs. One eye served as the control. The guinea pigs were observed daily for 72 h, and their inflammatory responses were graded.
Determination of Congo red binding ability. TSBY with 1.5% agar and 0.01% Congo red (Sigma Chemical Co. Ltd.) was used to study the pigment binding abilities of the test strains as described previously (19, 22) .
Isolation of plasmid DNA. Plasmid DNA was prepared by the alkaline lysis method of Kado and Liu (10) , with some modifications as described previously (28) . The molecular weight of the unknown plasmid DNA was determined by comparison with the mobilities of the plasmids of known molecular weights (7) . The plasmids present in previously described strains E. coli PDK-9, R-1, RP 4 , Sa, and V-517 (28) were used as molecular weight standards.
RESULTS

Serotyping and prevalence of serotypes. Of 5,112
Shigella isolates identified during the period 1999 to 2002, S. flexneri was the most predominant, with isolation rates of 57.4% (n ϭ 564) in 1999, 53.6% (n ϭ 841) in 2000, 65.7% (n ϭ 823) in 2001, and 62.5% (n ϭ 821) in 2002, followed by S. boydii, S. dysenteriae, and S. sonnei. The isolation rate of S. boydii was 18.3% (n ϭ 179), 17.1% (n ϭ 268), 14.8% (n ϭ 186), and 19.6% (n ϭ 258) in 1999, 2000, 2001, and 2002, respectively. S. dysenteriae accounted for 11.5% (n ϭ 113) of the cases in 1999 followed by 16.1% (n ϭ 252) in 2000, 10.7% (n ϭ 134) in 2001, and 9.0% (n ϭ 118) in 2002. S. sonnei was found to be the least prevalent during the period, with an isolation rate of 9.3% (n ϭ 91) in 1999, 8.7% (n ϭ 136) in 2000, 7.2% (n ϭ 90) in 2001, and 6.5% (n ϭ 85) (Fig. 1 ). Each year a number of strains were isolated which had characteristics typical of Shigella but could not be identified to the species level and were therefore designated as Shigella-like organisms (Fig. 1) . Of the 358 S. dys- (Fig. 2) . S. dysenteriae serotypes 5, 7, 8, and 13 were not isolated during this period. Interestingly, a higher prevalence of atypical strains was observed which were identified as S. dysenteriae by using the polyvalent antisera but which did not agglutinate with the typespecific antisera. A total of 28 (7.8%) atypical strains were identified over the 4-year period, of which 4.5% (n ϭ 4) was in 1999, 5.9% (n ϭ 10) was in 2000, 17.6% (n ϭ 12) was in 2001, and 6.5% (n ϭ 2) was in 2002. Antimicrobial susceptibility test. The antibiotic susceptibility test showed that more than 98% of the S. dysenteriae Test for invasiveness. Plasmid analysis showed that all the strains of S. dysenteriae irrespective of serotype (including the atypical strains) harbored the 140-MDa invasive plasmid, and all the strains were positive for the ipaH gene when examined by PCR, showing an amplicon of 423 bp. Representative strains of each serotype were selected for the Sereny test, in which keratoconjunctivitis was observed within 24 h for all strains having the 140-MDa plasmid. These strains were also positive for Congo red binding ability, forming pigmented colonies.
Plasmid profile analysis. Analysis of plasmid DNA of S. dysenteriae revealed that all the strains irrespective of serotype contained a heterogeneous population of plasmids ranging be- Based on molecular weight, the pattern of different plasmids at the serotype level was also very diverse (Fig. 3) . Depending on the number of plasmids, individual serotypes were grouped into different patterns. Serotype 1 was divided into 4 patterns, type 2 was divided into 10, type 3 was divided into 2, type 4 was divided into 10, type 6 was divided into 3, type 9 was divided into 2, type 11 was divided into 3, and type 12 was divided into 3. Although plasmid pattern was determined by the presence or absence of a single plasmid within a group of strains, a number of small plasmids were also found to be present universally in all the strains of a particular serotype (Table 1) .
DISCUSSION
Of the 13 serotypes of S. dysenteriae, type 1 strains are of foremost importance because of this type's higher prevalence, epidemic potential, and severity of clinical manifestations. In zones where shigellosis is endemic, frequent epidemics of shigellosis have occurred previously at distinct intervals mainly due to S. dysenteriae type 1. At least three large epidemics caused by S. dysenteriae type 1 occurred between 1972 and 1994, causing high morbidity and mortality, particularly among children (1, 9, 18, 24) . Apart from the dysenteric manifestation, type 1 infections are also associated with other complications like hemolytic-uremic syndrome, hemorrhagic colitis, sepsis, and purpura (11) . Moreover, the low infectious dose (3) of the bacteria facilitates the rapid spread of the epidemic especially in a developing-country setting. According to previous studies, S. dysenteriae 1 was prevalent in rural and urban areas of Bangladesh during the period 1994 to 1996 (9) . At the same time it was also noted that the isolation rate of other S. dysenteriae serotypes (types 2 to 13) was much lower than that of S. dysenteriae 1. However, in the present study, analysis of the serotyping results for the S. dysenteriae strains isolated between 1999 and 2002 has shown that the incidence of serotype 1 declined abruptly from 76.4 to 6.5%, while the isolation rate of other S. dysenteriae types (types 2 to 12) has increased from 19 to 87% (Fig. 2) . From the data in this study, S. dysenteriae 2 and 4 were observed as predominant serotypes.
According to the history of this genus, Shigella spp. can easily become resistant to antibiotics (35) . Over the years, Shigella spp. in many parts of the world have acquired resistance to commonly used antimicrobials, resulting in treatment failure and increased mortality (13) . In the early 1970s, almost all Shigella isolates in Bangladesh were susceptible to sulfathiazole, streptomycin, tetracycline, and chloramphenicol. Other drugs for treating shigellosis, namely, AMP, SXT, and nalidixic acid, were introduced into Bangladesh in 1972, 1982, and 1985, respectively (8) . In a previous study, it was observed that more than 90% of strains of S. dysenteriae 1 isolated during 1991 to 1996 from Matlab and Dhaka were resistant to AMP, SXT, and nalidixic acid (9) . In the present study, 159 (44.4%) strains of S. dysenteriae were resistant to more than one antibiotic and 248 (69%) strains were resistant to SXT. It was noted that more than 98% strains of type 1 isolated from 1999 to 2001 were resistant to AMP, SXT, and nalidixic acid while all the strains in 2002 were resistant to these antibiotics. In the case of types 2 and 4, resistance to nalidixic acid has been increasing from 1999 to 2002. However, resistance to AMP in type 4 strains declined consecutively over the years while resistance in type 2 strains increased gradually. More importantly, all the 102 strains of type 4 were resistant to SXT during the study period. This important trend of antibiotic resistance indicates that the recently prevalent serotypes of S. dysenteriae are becoming resistant to newer drugs like nalidixic acid. Multiple antibiotic resistance and similar resistance patterns were found in more than one serotype of S. dysenteriae, which indicated that it was not a characteristic of any particular serotype. However, it is notable that none of the strains of S. dysenteriae resistant to ciprofloxacin or mecillinam were isolated in Bangladesh.
The essential step in the pathogenesis of shigellosis is invasion of human colonic mucosa (12) . A number of studies (16, 20, 21, 33) have suggested that the genetic locus for the invasiveness of S. flexneri is located on the 140-MDa plasmid. The invasion plasmid antigen H (ipaH) gene, which is present as multiple copies in both the large plasmid and the chromosome (31), contributes to the invasive property of Shigella spp. All the strains in this study contained the ipaH gene, which was detected by PCR analysis. Further, additional experiments on virulence involving Congo red binding ability and the Sereny test were carried out in order to confirm the plasmid-mediated invasiveness of representative strains. Plasmid profile analysis is well documented as meaningful in epidemiological studies of enteric pathogens, particularly if there is a broad spectrum of plasmid patterns in the bacterial population (25) . Shigella species usually harbor a heterogeneous population of plasmids ranging in number from 2 to as many as 10 (25) . When used as a fingerprint for strains, the plasmid profile may aid in differentiating strains, identifying a source of infection, or evaluating the efficacy of control measures (26; L. W. Riley and M. L. Cohen, Letter, Lancet i:573, 1982). Analysis of the plasmid DNA of S. dysenteriae strains showed that all strains contained multiple plasmids ranging between 140 and 0.8 MDa. Plasmid patterns of different serotypes were found to be different. Within a single serotype multiple patterns were observed, indicating their clonal heterogeneity. In a previous study, numerous plasmid patterns were found in S. dysenteriae type 1 isolated from scattered as well as defined geographical origins (6) . It was also shown elsewhere that the core plasmids (140, 6, and 2 MDa) were present in both the epidemic and nonepidemic isolates of S. dysenteriae type 1, which correlated with the results of our study. Other than type 1, no study has yet been performed on plasmid profiles of other S. dysenteriae serotypes, except for a study in Ethiopia which focused on plasmid-mediated antibiotic resistance (4, 5) . This is the first report on the diversity of plasmid profiles of different serotypes of S. dysenteriae, which we believe will provide useful insights into the epidemiology of this organism in Bangladesh. In our study, we have found a number of core plasmids associated with the specificity of individual serotypes irrespective of drug resistance patterns. Within serotype 4, a plasmid of approximately 70 to 60 MDa in size was commonly found in all strains, showing their identity. From the previous studies, it has been demonstrated that the middlerange plasmids are more likely to carry the antibiotic resistance factor (28, 29) . In our study, we have found that the prevalence of type 4 strains is increasing and also that these strains are acquiring resistance to multiple antibiotics including nalidixic acid. Since all the recent isolates of type 1 were resistant to multiple drugs, despite their decreasing prevalence, a resistance gene might be transferred from one serotype to another in mutual interactions within the host environment or outside the host.
Overall there appears to be a changing trend in the dominance of serotypes of S. dysenteriae during the period between 1999 and 2002 in Bangladesh, in which type 1 was replaced by type 4 and then type 2. The antibiotic resistance patterns and the plasmid profiles of types 1, 2, and 4 have little diversity, which underscores the necessity of extensive study of these strains at the molecular level to get detailed insight into the shifting trends of prevalence.
